Brassica oleracea var. capitata (cabbage) is an economically important crop affected by black rot disease caused by Xanthomonas campestris pv. campestris (Xcc). MicroRNAs (miRNAs) play an important role in plant defense modulation and therefore the analysis of these molecules can help better understand plant-pathogen interactions. In this study, we report the differential expression of four miRNAs that seem to participate in the plant response to Xcc infection. Northern Blot and RT-qPCR techniques were used to measure miRNA expression in resistant (União) and susceptible (Kenzan) cultivars. From 6 miRNAs analyzed, 4 were detected and differentially expressed, showing a down-and upregulated expression profile in susceptible and resistant cultivars, respectively. These results suggest that miR156, miR167, miR169, and miR390 could play a role in B. oleracea resistance enhancement against Xcc and could be explored as potential resistance markers in B. oleracea-Xcc interaction.
Introduction
Xanthomonas is a group of plant-associated bacteria, wellknown for causing several diseases in crop plants, such as cotton, rice and cruciferous vegetables. The Xanthomonas genus has an extensive host range documented, including mono-and dicotyledonous plants [1] . A well-known species of this genus is X. campestris, previously subdivided into 6 pathovars. However, a recent study, based on pathogenicity assays, reclassified X. campestris into three pathovars: X. campestris pv. campestris, X. campestris pv. raphani and X. campestris pv. incanae. The strains that did not induce disease symptoms in Brassicaceae plants were denominated X. campestris [2] . X. campestris pv. campestris (Xcc) is the causing agent of black rot disease in cruciferous crops, which causes severe yield and economic losses. Several races of this pathovar have been reported, showing the complexity of Xcc [3] . The molecular processes involved in the ability of Xcc to infect the plant have been explored by different "omic" techniques, which have contributed to a better understanding of the plant-pathogen interaction [4, 5] .
Brassicaceae (also known as Cruciferae) is an important family, which includes numerous species of ornamental and crop plants, as well as weeds. Brassica represents one of the most important genera of this family and covers several plants that are part of the human diet, including Brassica oleracea that has a high economic significance, and includes crops such as cabbage (B. oleracea var. capitata), cauliflower (B. oleracea var. botrytis) and broccoli (B. oleracea var. italica). Thus, understanding the interaction between B. oleracea and Xcc is essential to manage black rot disease.
Although plant-X. campestris interaction has been studied by transcriptomic and proteomic approaches [6, 7] , the analysis of small RNAs, such as microRNAs (miRNAs), has not been reported so far. miRNAs are a class of endogenous sRNAs of 21-23 nucleotides, which have been associated to various biological processes including development, hormone signaling, flowering and responses to abiotic and biotic stresses [8] [9] [10] . The abundance of miRNAs is tissuespecific and associated with the developmental stage of the organism [11, 12] . As well-conserved molecules, miRNAs are involved in many molecular interaction networks, including mechanisms necessary to establish plant-pathogen interaction [13, 14] .
Many studies about the role of miRNAs in plant-pathogen interaction suggest that miRNAs, such as miR167 and miR390, finely tune and actively participate in plant selfdefense responses against various pathogens (reviewed in [15] ). Studies in Arabidopsis thaliana suggest a miRNAmediated modulation of multiple plant hormone pathways, regulating stress-responsive genes in reponse to the bacterium Pseudomonas syringae [16, 17] . Both miR156 and miR169, characterized as modulators of transcription factors involved in many physiological processes, have also been described as differentially expressed in some pathosystems. In transgenic assays, miR156 expression seems to be upregulated in A. thaliana infected with TYMV p69 virus while repressed in rust fungus infected Pinus taeda (reviewed in [18] ). In banana cultivars (Musa acuminata), miR169 family members seem to participate in plant defense against Fusarium oxysporium, as well as in Oryza sativa-Magnaporthe oryzae interaction [19, 20] .
Different methods for miRNA expression quantification are still being improved, especially when dealing with nonmodel species and regarding the choice of the most appropriate normalizing RNA, which is crucial in RT-qPCR experiments. A recent study of Citrus-Xanthomonas interaction revealed that stem-loop RT-qPCR [21] is an efficient method in the detection of conserved miRNAs in non-model plants [22] .
Perez-Quintero, Quintero [23] analyzed the interaction between Manihot esculenta and Xanthomonas axonopodis pv. manihotis (Xam) and identified 68 miRNA families, most of which were differentially expressed in infection conditions suggesting that they may play an important role in plant defense against Xam. Based on this study, we chose miR156, miR167, miR169, miR390, miR771 and miR823 that were upregulated in response to Xam to verify their expression profile in the interaction between susceptible and resistant B. oleracea plants infected with X. campestris pv. campestris.
Materials and methods

Plant material and bacterial infiltration
Seeds of the resistant (União) and susceptible (Kenzan) cultivars of B. oleracea var. capitata, obtained from the collection of Embrapa Hortaliças, Brazil, were cultivated in a greenhouse during summer, without temperature control. Cultivar Kenzan is a Japanese hybrid [24] cultivated commercially in temperate regions, and União was developed as a resistant cultivar to Black rot disease [25] . Seeds were sown in 3 L plastic pots in a mixture of sterile soil, sterile sand and manure (3:1:1 w/w). Each pot contained one plant and 3 plants formed each biological replicate. X. campestris pv. campestris (Xcc) isolate 51 obtained from the Culture Collection of Embrapa Hortaliças, Brazil was used in this study. Xcc51 was isolated from cabbage plants in Brazil and showed to be highly virulent when compared to the type strain ATCC9399 (data not published). The bacterium was cultivated in Nutrient Yeast Glycerol (NYG) medium at 28 °C for 24 h. Bacterial cells were centrifuged and diluted in saline solution (NaCl 0.85%) to an OD 600 of 0.6. One month after germination, 3 plants (5 leaves per plant) were infiltrated with the bacterial suspension or saline solution (control condition) and collected 24 h after inoculation (hai) for miRNA analyses. Three biological replicates (each formed by 3 plants) were analyzed for each condition.
RNA extraction and Northern Blot analysis
Total RNA was extracted from the leaf tissue using the CTAB (Cetyl Trimethyl Ammonium Bromide) method. The integrity of extracted RNA was analyzed by agarose gel electrophoresis and quantification was carried out using NanoDrop ND-1000 (Thermo Fisher). MicroRNAs in both cultivars, Kenzan and União, were detected by Northern blot technique, according to the protocol described by Wu and Poethig [26] . For each sample, 40 μg of total nucleic acid were loaded into a 15% acrylamide denaturing gel and electrophoresed for 3 h at 220 V. RNAs were transferred to a Hybond + nylon membrane (Amersham) in Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad) at 200 mA for 2 h and 30 min. Membranes were oven-fixed at 80 °C for 2 h.
Probes were designed as the reverse complement of Brassica napus or Arabidopsis thaliana miRNA sequences retrieved from the miRBase database (Table 1) . Oligonucleotides were labeled at the 5′ end with [γ-32 P] ATP using T4 polynucleotide kinase enzyme (New England Biolabs) and purified with G25 columns (GE healthcare). Pre-hybridization was performed for 30 min at 40 °C with ULTRAhybOligo hybridization buffer (Thermo Fisher Scientific). The radioactive probe was added for hybridization overnight at 40 °C and membranes washed twice at 40 °C for 30 min each with 2X SSC wash buffer (30 mM Sodium Citrate, 0.3 M NaCl, pH 7) containing 0.5% SDS. The membranes were sealed, exposed in cassettes with IP-Image Plate BAS-MS (Fujifilm) and the images acquired on an FLA-3000 Scanner (Fujifilm). All membranes were hybridized with the constitutive small nuclear RNA (snRNA) U6-complementary probe [27] . The quantification analysis was performed using the ImageJ software and Student's unpaired t test was performed to determine statistical significance (p-value ≤ 0.05).
Primer design and cDNA synthesis
To analyze miRNA expression, stem-loop Reverse Transcription Quantitative PCR (RT-qPCR) technique, described by [21] , was used with modifications. The small nucleolar RNA (snoRNA) U3 and the spliceosomal snRNA U6 were used as reference genes to normalize miRNA expression.
Both stem-loop primers for the reverse transcription (RT) reaction and primers for RT-qPCR, including the forward and the universal 3′ miRNA primers, were designed using miRNA Primer Design Tool [28] (Table 2) . RNA was treated with Turbo DNAse (Ambion), according to the manufacturer's instructions, and cDNA was synthesized using the multiplex method, in which stem-loop primers for all miRNAs analyzed and the reference genes were used in the same RT reaction. The reverse transcription reaction mix was composed of 1X M-MLV RT Buffer, 10 mM DTT, 0.25 mM dNTPs, 0.05 μM of each stem-loop primer, 50 U M-MLV RT (Invitrogen)
RT-qPCR analysis
The RT-qPCR analysis was performed using SYBR Green PCR Master Mix (Invitrogen). Each reaction was composed of 5 µl Master Mix, 0.2 µM of each primer (miRNA-specific forward and universal 3′ miRNA reverse), 2 µl cDNA (diluted 20-fold in water) in a final volume of 10 µl. Biological triplicates were carried out for all miRNAs, each with three technical replicates. RT-qPCR runs were performed in a 7300 Real-Time PCR System (Applied Biosystems), using a program with a hot start of 95 °C for 10 min followed by 45 cycles of 95 °C for 5 s, 60 °C for 10 s and 72 °C for 1 min. The melting curve was held after the end of the amplification using the following steps: 95 °C for 15 s, 60 °C for 60 s and a gradual increase of 0.3 °C up to 95 °C. The PCR efficiency and Ct values were obtained using Real-Time PCR Miner software [29] . Raw data were analyzed using miR156 Stem-Loop GTT GGC TCT GGT GCA GGG TCC GAG GTA TTC GCA CCA GAG CCA ACG TGC TC miR156-F GTG TTT TTG GTG ACA GAA GAG AGT miR167 Stem-Loop GTT GGC TCT GGT GCA GGG TCC GAG GTA TTC GCA CCA GAG CCA ACT AGA TC miR167-F TGG TTT GAA GCT GCC AGC miR169 Stem-Loop GTT GGC TCT GGT GCA GGG TCC GAG GTA TTC GCA CCA GAG CCA ACG CAG GC miR169-F TGG TGT AGC CAA GGA TGA CTT miR390 Stem-Loop GTT GGC TCT GGT GCA GGG TCC GAG GTA TTC GCA CCA GAG CCA ACG GCG CT miR390-F TGT TTT TTT TTA AGC TCA GGA GGG AT U3 Stem-Loop GTT GGC TCT GGT GCA GGG TCC GAG GTA TTC GCA CCA GAG CCA AC GAT CCT U3-F TGT TTT TTT GCG ACC TTA CTT GAA C U6 Stem-Loop GTT GGC TCT GGT GCA GGG TCC GAG GTA TTC GCA CCA GAG CCA AC TGC GCA U6-F GGT GTG ATT AGC ATG GCC C Universal 3′ miRNA Reverse Primer GTG CAG GGT CCG AGGT REST 2009 v.2.0.13 software to calculate expression value and infer statistical validation.
Results and discussion
Several studies have been performed aiming to understand plant-pathogen interactions. Information on the molecular events that occur during pathogen colonization of the host plant is crucial for the development of effective strategies for disease control. We have previously analyzed the proteome of the resistant and susceptible cultivars União and Kenzan infected with Xcc at 24 hai [6] , and found that the resistant plant increased many photosynthesis proteins when compared to the susceptible plants. In order to complement the analysis, in this study, we attempted to infer the differential expression of six conserved miRNAs (miR156, miR167, miR169, miR390, miR771 and miR823) in the same susceptible and resistant B. oleracea cultivars in response to Xcc infection by Northern Blot and RT-qPCR techniques.
Using Northern blot analysis, we could detect four (miR156, miR167, miR169, and miR390) out of the six miRNAs tested. The relative quantitative expression analysis, normalized with snRNA U6, demonstrated an upregulated expression of miR167 and miR390 in both susceptible and resistant genotypes while miR156 and miR169 had an opposite expression profile in Kenzan and União (Fig. 1a) . However, none of these differential expression values were statistically significant. One of the main drawbacks of miRNA expression analysis by Northern blot is quantification due to several reasons including low sensitivity, particularly when probing less abundant miRNAs, as well as the need for high amounts of quality RNA. Besides that, being a hybridization-based method, cross-hybridization can occur and the signal detected may refer to a combination of miRNA isoforms of an miRNA family, increasing bias in the quantification. In our study, the quantification of differential expression by this method was not consistent enough to draw accurate conclusions, since high variability was obtained among replicates and therefore no statistical validation could be achieved.
In an attempt to quantify the expression of miRNAs involved in Brassica oleracea-Xcc interaction more accurately, we further analyzed the miRNAs detected by Northern blot through RT-qPCR, using the same samples. As reference gene selection is a challenging issue, especially for miRNA RT-qPCR, we chose to use snRNA U6, commonly used as loading control in sRNAs Northern blot, and the snoRNA U3 as the reference genes, since they are constitutively expressed in plants [30] and thus may represent universal references for miRNA analyses. The results obtained showed a reaction efficiency above 82% and a single dissociation peak for all samples. The differential expression of all miRNAs was statistically significant when infected samples were compared to the control condition (p ≤ 0.05).
Results of the relative expression assay revealed an upregulation of miR156, miR167, miR169 and miR390 in the resistant cultivar (União) when infected with Xcc and, interestingly, an opposite profile (downregulation) was observed in the susceptible cultivar (Kenzan) when compared to mock-inoculated plants (Fig. 1b) .
MiR156 is known for being a master regulator of developmental transition in flowering plants [26] and its activity is suggested to be intertwined with miR390 [31] . Both belong to highly conserved miRNA families involved, along with miR172, in the juvenile-to-adult vegetative phase transition. The main role of miRNA 156 is to prevent flowering before the plant has completed its juvenile stage [32] . Its downregulation had been previously reported in wheat infected by the powdery mildew fungus [33] and in loblolly pine (Pinus taeda L.) infected by the fungus Cronartium quercuum f. sp. fusiforme [34] that causes rust disease. MiR390 regulates auxin pathway by stimulating production of transacting small interfering RNAs (tasiRNAs) that target auxin response factors (ARFs) mRNAs and thus is involved in various developmental processes [35] . MiR169 is also reported inducing early flowering upon its upregulation in several abiotic stress studies [36] [37] [38] [39] and, when overexpressed in rice (Oryza sativa), miR169 enhanced the susceptibility of plants to Magnaporthe oryzae infection [19] .
Therefore, the decreased expression of miR156, miR169 and miR390 may be involved in a stress-induced flowering phenomenon due to Xcc infection. This physiological behavior was observed in response to abiotic stress factors in A. thaliana and ensures the accomplishment of plant reproduction even under stress situations [40] . The same expression pattern of miR156 and miR390 was also described in Pinus taeda-Cronartium quercuum f. sp. fusiforme and Manihot esculenta-Xanthomonas axonopodis pv. manihotis interactions, respectively [23, 34] . miR167, as miR390, modulates the expression of auxin response factors (ARFs) and may be involved in a PAMP (pathogen-associated molecular patterns)-triggered immunity response [41] . The increase of both miR167 and miR390 expression drives a fine tuning of auxin signaling, decreasing the hormone production and improving plant resistance against infections [16, 42, 43] . Our data seem to agree with this idea since the expression of both miR167 and miR390 was upregulated in União (resistant) plants and downregulated in Kenzan (susceptible), suggesting a participation of miR167 in the resistance modulation in cabbage.
The expression of these miRNAs, as well as the others analyzed in this study, in the interaction between B. oleracea and Xcc has not been characterized yet. However, by the results obtained, we may hypothesize that the upregulation of miR156, miR167, miR169 and miR390 could participate in the resistance of B. oleracea against Xcc infection. Another possibility could be the disruption in the production of these miRNAs in the susceptible cultivar caused by Xcc. Further studies need to be performed with a higher number of samples and conditions in order to better understand the specific role of these miRNAs in resistance.
Conclusion
This work allowed us to verify the expression of four miRNAs (miR156, miR167, miR169 and miR390) in the plant pathogen interaction between B. oleracea and Xanthomonas campestris pv. campestris. All the analyzed miRNAs showed differential expression with statistical significance in the RT-qPCR analysis when infected plants were compared to control ones. The data here obtained corroborates results previously reported and may be useful for genetic improvement based on miRNAs. Moreover, the opposite profile of all the analyzed miRNA in susceptible and resistant cultivars (down-and upregulated expression profile in susceptible and resistant cultivars, respectively) indicates that these miRNAs can be explored as potential resistance markers in B. oleracea-Xcc interaction. To confirm this hypothesiss, additional cultivars and Xcc strains should be analyzed. Additionally, the distinct expression pattern between susceptible and resistant cultivars may have potential use in the development of improved crop cultivars by miRNA-based genetic engineering, using methodologies such as the overexpression of miRNAs or artificial miRNAs (amiRNAs). This study shows that the use of miRNAs could be an interesting approach to seek for black rot resistance.
